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Edited by Gianni CesareniAbstract Analyses of unionoidean bivalve male-transmitted
(M) mtDNA genomes revealed an approximately 555 bp 3 0 cod-
ing extension to cox2. An antibody was generated against this
predicted C-terminus extension to determine if the unique cox2
protein is expressed. Western blot and immunohistochemistry
analyses demonstrated that the protein was predominantly ex-
pressed in testes. Weak expression was detected in other male
tissues but the protein was not detected in female tissues. This
is the ﬁrst report documenting the expression of a cox2 protein
with a long C-terminus in animals. Its universal presence in unio-
noidean bivalve testes suggests a functional signiﬁcance for the
protein.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Strictly maternal inheritance (SMI) of mitochondrial DNA
(mtDNA) is the general rule in animals [1,2] even though
cases of incidental inheritance of paternal mtDNA have been
reported (e.g., fruit ﬂies [3], mice [4]). In contrast to SMI, two
orders of marine bivalves (Mytiloida and Veneroida) and the
freshwater superfamily Unionoidea [5,6] display a unique
mode of mtDNA transmission called doubly uniparental
inheritance (DUI) [7–13]. In species with this type of inheri-
tance, there are distinct female- (F) and male- (M) transmit-
ted mtDNA genomes. Mothers pass their F genome on to all
of their oﬀspring, while fathers pass their M genome on to
only sons. Typically, females are homoplasmic for the F gen-
ome, while males are heteroplasmic for both the F and M
genome. Males typically have the F genome in somatic tissues*Corresponding author. Fax: +1 330 672 3713.
E-mail address: rchakrab@kent.edu (R. Chakrabarti).
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doi:10.1016/j.febslet.2005.12.104with the M genome predominating in spermatogenic tissues.
Paleontological evidence is consistent with the hypothesis that
the F and M gen\e than 100 my [5,14] leading to the presence
of two highly divergent mitochondrial genomes within male
individuals.
Cytochrome c oxidase subunit II (cox2) is a mitochondrial
protein found in the inner mitochondrial membrane. It be-
longs to the terminal enzymatic complex of the respiratory
chain and facilitates the transfer of electrons from cyto-
chrome c to molecular oxygen [15]. The other mitochondri-
ally encoded subunits of this complex are cox1 and cox3.
The F and M cox2–cox1 gene junction region has been se-
quenced in a number of unionoidean bivalve species and this
work reveals an approximately 555-bp coding insertion with-
in the M genomes that is absent from F genomes [16]. The
inserted nucleotides suggest the presence of an approximately
185 amino acid C-terminus extension to the M cox2 protein.
If these additional nucleotides are actually translated, this
would represent an approximately 80% increase in length
for the M cox2 protein over that of the corresponding F pro-
tein. This unique C-terminus extension of the cox2 gene has
been found in all of the unionoidean bivalve M genomes
sampled to date [16,17]. This observation, when combined
with the paleontological evidence, suggests that the cox2 C-
terminus extension has been maintained in unionoidean M
genomes for more than 100 my.
For this study, we designed an antibody against the unique
M cox2 C-terminus extension amino acid sequence, predicted
by the DNA sequence of a unionoidean bivalve, Venustacon-
cha ellipsiformis, to test for the presence of the C-terminus
extension of M cox2 protein. We observed predominant
expression of the M cox2 protein in testes compared to other
male tissues. Female tissues did not display the same immuno-
reactive band with this antibody. This is the ﬁrst documenta-
tion of a cox2 protein with a C-terminus extension unique to
males. In view of the hypothesized truncation of the mitochon-
drial genome in the metazoan ancestor [18] and given the C-
terminus extension’s likely persistence for more than 100 my,
we suggest that the expression of the unique C-terminus of
the M cox2 protein in unionoidean bivalve testes has func-
tional signiﬁcance.blished by Elsevier B.V. All rights reserved.
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2.1. DNA protocol
Gender of the Venustaconcha ellipsiformis individuals utilized herein
was determined by microscopical examination of gonadal tissues. To-
tal genomic DNA was isolated from either somatic (mantle or foot) or
gonadal tissue using the Qiagen DNeasy animal kit. Largely gender-
speciﬁc cox2 primers were used to amplify the same cox2–cox1 seg-
ment used by Curole and Kocher [16,17]. The ‘‘male-speciﬁc’’ cox2
primer was UNIOCOII.2 [19]. A ‘‘female-speciﬁc’’ primer
(UNIOCOII.2b, 5 0-CAGTGRTATTGRRVDTAYGA-3 0) was derived
from the UNIOCOII.2 primer and other unionid F sequences available
from GenBank. Both ‘‘gender-speciﬁc’’ forward primers were paired
with a modiﬁed version of the universal cox1 reverse primer
HCO2198 [20] that had the ﬁrst six 5 0 bases removed (HCO700dy2,
5 0-TCAGGGTGACCAAAAAAYCA-3 0). These primers typically
ampliﬁed approximately 1.1 kbp of F genome cox2–cox1 and approx-
imately 1.7 kbp from the comparable region in the M genome. PCR
reactions consisted of 1· Qiagen PCR buﬀer, 0.2 mM each dNTP,
0.5 lM each primer, and 1 U Qiagen Taq. Reactions using the male-
speciﬁc primer were cycled at 94 C for 60 s, 50 C for 60 s, and
72 C for 120 s for a total of 40 cycles. Reactions involving the fe-
male-speciﬁc primer followed the same proﬁle as above but were an-
nealed at 46 C. The above PCR primers ultimately yielded F and M
cox2 DNA sequences via cycle sequencing with Perkin–Elmer Ampli-
Cycle Sequencing Kits. The two sequencing primers utilized were iden-
tical in sequence to the PCR primers. Sequences were visualized using
Li-Cor 4200L-2 and 4200S-2 DNA sequencers. Contiguous sequences
were assembled and veriﬁed using AlignIR v2.0 and ﬁnal sequence
alignments were completed manually with MacClade v4.0. The ﬁnal-
ized partial cox2 sequences were aligned with GenBank-accessioned
unionoidean F and M cox2 nucleotide sequences to determine the
length of the M cox2 extension for V. ellipsiformis. The 5 0 end of the
M cox2 extension is designated as the nucleotide of the M cox2 se-
quence that aligns with position 1 in the stop codon of the V. ellipsifor-
mis F cox2 sequences. The 3 0 end of the M cox2 extension is its stop
codon. The partial F and M cox2DNA sequences from V. ellipsiformis
were translated to amino acid sequences using the Drosophila mtDNA
genetic code. The sequences generated herein were submitted to the
GenBank Database (F cox2, AY785395; M cox2, AY785401). Predic-
tion of the partial F and M cox2 proteins’ secondary structures was
conducted using the TMHMM program available via the internet
(TMHMM [21]: www.cbs.dtu.dk/services/TMHMM-2.0/]).
2.2. Polyclonal antibody preparation and characterization
Peptides corresponding to the near COOH-terminal amino acid se-
quences from V. ellipsiformis M cox2, DVMSSFSNNETKQW (with
an N-terminus cysteine added), were used to immunize rabbits. The
anti M cox2 C-terminus antibody was commercially prepared (Zymed
Laboratories, San Francisco, CA) and puriﬁed in our lab using 3 M
KSCN as an eluting agent. Antisera were characterized by immuno-
blotting using both soluble and insoluble extracts of testes.2.3. Protein sample preparation
Tissues were isolated, weighed and homogenized in RIPA lysis buf-
fer (Upstate, Cell Signaling Solutions, NY) containing proteolytic
inhibitors (using 100 ll buﬀer for 0.1 g tissue). The homogenized tis-
sues were centrifuged at 16000 · g at 4 C for 15 min; the supernatant
is referred to as soluble extracts. The pellets were treated with 1% SDS
and centrifuged at 16000 · g at 4 C for 15 min; this supernatant is re-
ferred as insoluble extracts.2.4. Western blot analysis
Tissue preparations were separated by 12% SDS–PAGE based on
the protocol of Laemmli [22]. Proteins were then electrophoretically
transferred to Immobilon-P, PVDF membrane (Millipore Corp., Bed-
ford, MA). Nonspeciﬁc protein-binding sites on the membrane were
blocked with 5% non-fat dry milk in Tris–buﬀered saline (TBS:
25 mM Tris–HCl, pH 7.4, 150 mM NaCl). The blots were then
washed twice for 15 min each with TTBS (TBS containing 0.1%
Tween 20) and then incubated with primary antibodies (1:2000) at
4 C overnight diluted in 5% BSA containing 0.02% Tween 20. After
the wash, the blots were incubated with the appropriate horseradishperoxidase-conjugated secondary antibody, usually at a 1:2000 dilu-
tion in 5% non-fat dry milk in Tris–buﬀered saline, for 1 h at room
temperature in milk. Blots were washed with TTBS twice 15 min each
and four times 5 min each. Blots were then developed with Enhanced
Chemoluminescence.
2.5. Immunohistochemistry
Mussel tissues were ﬁxed in 1.5% formaldehyde in PBS at 4 C over-
night. The mussel tissues were then transferred to 70% ethanol and
dehydrated, permeabilized, and paraﬃnized using a Shandon Tissue
Processor (Thermo Electron Corporation, Waltham, MA). Serial sec-
tions of the whole testes were prepared with a thickness of 7 lm. The
sections were placed on poly-L-lysine-coated slides, deparaﬃnized, and
rehydrated according to standard procedure [23]. Heat antigen retrie-
val was performed using a microwave with the slides immersed in 1·
antigen retrieval Citra Solution (BioGenex, San Ramon, CA). Slides
were microwaved for three separate – 3 min periods on high settings
with a cooling period of a minute in between. Slides were washed
brieﬂy in distilled water and then three times for 10 min with phos-
phate buﬀer saline (PBS). Slides were incubated for 1 h at room tem-
perature in a blocking solution containing 10% normal goat serum
in PBS at room temperature. The slides were then incubated with pri-
mary antibody (1:200) for 2 h at room temperature or overnight at
4 C, washed three times with PBS, and incubated with corresponding
secondary antibody (1:200) conjugated to indocarbocyanine (Jackson
Laboratories,West Grove, PA) for 1 h at room temperature. The slides
were washed ﬁve times with PBS and mounted with Vectashield
mounting media and examined using a FluoView 500 Confocal Fluo-
rescence Microscope (Olympus, Melville, NY).3. Results
3.1. The nucleotide sequences at the 3 0 ends of F and M cox2
genes suggest the presence of a unique C-terminus extension
in V. ellipsiformis M cox2
PCR ampliﬁcation of the cox2–cox1 junction region of V.
ellipsiformis produced 831 bp of DNA sequence from the M
cox2 gene and 282 bp from F cox2. The last 549 bp of M
cox2 is inframe with the rest of the protein and, if expressed,
could represent a unique C-terminus extension containing
183 amino acids. The amino acid sequences inferred from
our cox2 DNA sequences are shown in Fig. 1. Secondary
structure analysis predicted ﬁve transmembrane helices
(TMHs) for the M cox2 C-terminus extension (boxed amino
acids). The homologous portion of the cox2 protein, i.e., that
portion found in both F and M cox2, contains no transmem-
brane helices as suggested by previous analyses of cox2 protein
structure [24].
3.2. M cox2 protein with C-terminus extension is predominantly
expressed in testes extracts
To examine if the M cox2 protein is expressed, we generated
antibody against the C-terminus extension corresponding to
amino acid residues 240–253. The antibody was aﬃnity puri-
ﬁed. Western blot analysis of testes extracts show expression
of the extended cox2 protein at 36 kDa region (Fig. 2).
Fig. 2 also shows that this cox2 protein is present in both sol-
uble and insoluble testes extracts suggesting that a portion of
the molecule is resistant to detergent extraction.3.3. M cox2 protein with C-terminus extension is present in
diﬀerent male tissues and absent in female
We next investigated whether this extended cox2 protein is
present in male tissues other than testis and in female tissues.
Extracts of diﬀerent male and female tissues from V. ellipsifor-
Fig. 3. Tissue distribution of the extended M cox2 protein in diﬀerent
male and female tissues. Representative SDS–gel electrophoresis (B)
and Western blot (A) revealed with anti-M cox2 antibody. A similar
amount of protein was loaded into each of the lanes. The origins of the
tissue samples for each lane are indicated in the ﬁgure. The intensity of
the extended M cox2 immunostaining is much higher in testes than in
other male tissues such as foot, mantle, digestive gland, and gill. Female
tissues showed no immunoreactive band. Equal protein was loaded in
all the lanes. The positions of marker proteins (kDa) are shown. Identity
of the high molecular weight immuno-detected band is unknown.
Fig. 1. The alignment of the deduced amino acid sequences of the 3 0 end of F and M cox2 from V. ellipsiformis. The putative transmembrane helices
of the M cox2 C-terminus are displayed in boxes. The 14 amino acid antigenic sequence used to make the antibody is in bold.
Fig. 2. Expression of the extended M cox2 protein in testes. Western
blot analysis showed that the extended M cox2 protein is present in the
soluble (lane 2) and in the insoluble extracts (lane 1) of testes from V.
ellipsiformis. Soluble extracts showed a much stronger immunoreactive
band in comparison with the insoluble extracts. Equal protein was
loaded in both lanes. The extended M cox2 protein was detected at the
36 kDa position.
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inhibitors. Western blot analysis of the soluble extracts of dif-
ferent male tissues detected this protein in foot and mantle
(Fig. 3A). The protein was not detected in soluble extracts of
female tissues (Fig. 3A).
3.4. Immunohistochemistry of mussel tissues demonstrates
intense staining in spermatogenic tissue
Finally, immunoﬂuorescence was used to localize the M
cox2 protein in male V. ellipsiformis. As shown in Fig. 4A, in-
tense immunostaining for cox2 is observed in the mitochon-
dria-containing region (i.e., mid-piece) of spermatozoa.
Unionoidean bivalves typically display a ring of ﬁve spherical
mitochondria surrounding the two centrioles in the spermato-
zoa mid-piece [25]. Fig. 4B shows the brightﬁeld image of theﬁeld in Fig. 4A. No ﬂuorescence was observed in control slides,
where the secondary antibody was used alone (Fig. 4C).
Fig. 4D shows the brightﬁeld image of the ﬁeld in Fig. 4C.
Fig. 4. Immunohistochemistry of spermatogenic tissue. Immunohis-
tochemical analyses were performed on whole mussel tissue using the
polyclonal antibody raised against the C-terminus extension of M
cox2, using a Cy-3-labeled secondary antibody, as described under
Section 2. Distinct expression of the extended M cox2 protein was
repeatedly observed in the mid-piece region (mitochondria-containing
region) of V. ellipsiformis spermatozoa (A). The corresponding DIC
image is displayed in (B). Control slides incubated with secondary
antibody alone were blank (C) and a representative DIC image is in
(D).
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This report is the ﬁrst to demonstrate the presence of an ex-
tended male-transmitted cox2 protein in animals. The presence
of ﬁve putative TMHs in the extended C-terminus of M cox2
from V. ellipsiformis suggests that it may be involved in insert-
ing the protein in the inner mitochondrial membrane where it
may play a role in altering the electron transport system to en-
hance sperm performance [26] and/or anchor the catalytic cen-
ter of the cox2 subunit of cytochrome c oxidase. The presence
of this unique male-speciﬁc extended C-terminus of cox2 pro-
tein in all unionoidean M genomes examined to date, com-
bined with the likely presence of transmembrane segments,
lead us to hypothesize that the C-terminus extension has func-
tional signiﬁcance for male unionoidean bivalve reproductive
success.
Based on the cox2 extension’s universal presence in unionoi-
dean bivalve M genomes and this superfamily’s fossil record,
which extends back to the Triassic [27], we suggest that the ex-
tended cox2 protein has been continuously present in unionoi-
dean bivalve M genomes for at least 100 million years and
possibly as long as 300 my [14,16,17]. It has been generally ob-
served that there is a marked tendency for size reduction in
animal mtDNA [18,28]. It is therefore signiﬁcant that this un-
ique C-terminus extension has been maintained for at least
100 my. This further supports the hypothesized functional sig-
niﬁcance of the extended C-terminus in male bivalves. Whileanimal mtDNA genomes typically possess the same 37 genes,
non-coding regions (i.e., control elements and intergenic spac-
ers) are often very small and mtDNA genes with nuclear
homologs (e.g., rnl and rns) are relatively short. This is often
explained by the operation of genetic drift and Muller’s ratchet
[18,28] and the selective advantage of faster DNA replication
in smaller genomes. The great antiquity of the unionoidean
M cox2 C-terminus, in the face of the general tendency for size
reduction in animal mtDNA genomes, and its likely mem-
brane-bound location in M genome-containing mitochondria
suggest to us that the functional hypothesis for the extension
should be seriously evaluated in future investigations. The
availability of an antibody to the M cox2 extension in V. ellips-
iformis will greatly facilitate investigations into multiple as-
pects of unionoidean bivalve reproductive biology.
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